study question: Does first trimester maternal influenza infection increase the risk of non-chromosomal congenital anomalies (CA)? summary answer: First trimester maternal influenza exposure is associated with raised risk of a number of non-chromosomal CA, including neural tube defects, hydrocephaly, congenital heart defects, cleft lip, digestive system defects and limb reduction defects.
Introduction
Both during seasonal influenza and pandemic influenza outbreaks, pregnant women have been at risk of increased morbidity and mortality from influenza infection compared with the general population (Harris, 1919; Neuzil et al., 1998; Dodds et al., 2007; Siston et al., 2010) . Women in the later stages of pregnancy are particularly vulnerable to adverse health outcomes after influenza infection (Mak et al., 2008) , perhaps because of immunological changes that take place during pregnancy (Jamieson et al., 2006) .
Unravelling the question of teratogenicity of influenza is complex. In observational studies, influenza exposure can affect the fetus not only via viral infection of the fetus, influenza-induced hyperthermia and toxic metabolites associated with fever (Edwards, 2006) , but also via antiviral and antipyretic use. A recent systematic review found strong evidence of an association between maternal hyperthermia and neural tube defects (Moretti et al., 2005) . Evidence on other anomalies with respect to hyperthermia or fever is scarce. Animal models have associated maternal hyperthermia with arthrogryposis (Edwards, 1971a,b) , congenital heart defects New, 1975, 1978) , club foot (Edwards, 1971a,b) , microcephaly (Edwards, 1971a,b) , microphthalmos (Germain et al., 1985) and others (Edwards, 2006) .
The primary method of protecting pregnant women and their unborn child against influenza infection is vaccination. In an increasing number of countries, pregnant women are advised to be vaccinated against seasonal influenza infection (Mak et al., 2008; Mereckiene et al., 2010) . However, vaccination policies in European countries vary both for seasonal influenza vaccination and during the 2009 H1N1 influenza pandemic, especially with respect to trimesters eligible for vaccination (Mereckiene et al., 2010; Luteijn et al., 2011) . In the absence of consensus, on whether or not to vaccinate first trimester pregnant women, the hypothesis of a causal relationship between congenital anomalies (CA) and influenza virus deserves renewed attention. A better understanding of the possible relationship between influenza and CA will allow for better understanding of the benefit-risk balance of vaccinating first trimester pregnant women and women of childbearing age against influenza.
The objective of our review is to identify and summarize the available epidemiologic evidence regarding the risk of CA associated with first trimester exposure to maternal influenza.
Materials and Methods

Search strategy
This systematic review was informed by PRISMA guidelines (Moher et al., 2009 ) and the MOOSE group guidelines (Stroup et al., 2000) . Two of the authors (J.M.L. and M.J.B.) conducted the various steps of the review and resolved any disagreements by discussion and consensus. The PubMedw and Embasew databases were searched using the MeSH terms ('Influenza, Human') AND ('pregnancy OR congenital abnormality') and ('Influenza') AND ('pregnancy OR congenital abnormality'), respectively, on 1 July 2013. No publication or date restrictions were set. Where the papers' abstract, title or indexed MeSH terms suggested the possibility of reporting any fetal outcomes after maternal exposure to influenza, the full paper was obtained. Reference lists of enrolled papers were reviewed.
Eligibility criteria
Case -control, cohort and ecological studies investigating CA outcomes following maternal exposure to influenza were eligible for inclusion. No quality criteria were set for inclusion, although risk of bias analysis was performed (see Supplementary data, Material). Influenza was defined as any reported influenza, influenza-like illness or fever with flu, with or without serological or clinical confirmation.
Only studies reporting influenza exposures during the first trimester of pregnancy were included in the systematic review and meta-analysis. In order to be included in the meta-analysis, case -control and cohort studies needed to allow for the calculation of or to report odds ratios (ORs) or relative risks (RRs). For financial reasons, only English and Dutch language papers were eligible for inclusion. However, no Dutch papers satisfied our inclusion criteria and therefore only English language papers were included. Tables SI -SIII) . Crude and adjusted ORs and RRs and 2 × 2 tables relevant for meta-analysis were extracted by J.M.L. and M.J.B. from cohort and case -control studies. We contacted authors of three studies published ≤10 years ago (Czeizel et al., 2008; Oster et al., 2011; Kelly et al., 2012) to obtain core data in order to create aggregate groups such as orofacial clefts and for crude OR calculation and received the complete dataset for one study (Czeizel et al., 2008) . In case of studies distinguishing between flu with fever and flu without fever where it was impossible to combine the two, such as the stratified study by Lynberg et al. (1994) , the flu with fever dataset was extracted. We extracted data regarding malformed controls, if available, rather than non-malformed controls since use of malformed controls reduces the impact of differential recall bias. We recognize this can lead to underestimation of effect size if CA in the control group are related to influenza exposure. In the meta-analysis, influenza exposures outside of the first trimester were added to the non-exposed cohort and for one cohort study without controls (Doll et al., 1960) , this allowed us to form a control group.
Data extraction
CA were classified into European surveillance of Congenital Anomalies (EUROCAT) defined subgroups, excluding minor anomalies as specified by EUROCAT (EUROCAT Central Registry, 2009) . EUROCAT is a network of population-based congenital anomaly registries that surveys over 1.7 million births annually in 23 European countries. CA were classified down to the greatest level of precision possible. For example, a study that reported anomalies only as neural tube defects without further specification contributed data to the analysis of neural tube defects but could not contribute data to an analysis of anencephaly or spina bifida specifically. We excluded chromosomal syndromes since their aetiology is not related to maternal exposures.
Risk of bias assessment
In order to assess the validity of included studies' findings we assessed the risk of bias of case-control and cohort studies included in the meta-analysis using a slightly modified version of the Newcastle-Ottawa scale (NOS; Wells et al., 2004) . Judgement criteria and deviations from the NOS are summarized in the Supplementary data, Material.
Quantitative data summary and synthesis
Meta-analysis was performed combining adjusted ORs (AORs) and RRs (ARRs) (i.e. adjusted for confounders). Only four case-control studies provided AORs (Supplementary data, Table SII ) and none of the cohort studies made statistical adjustments (Supplementary data, Table SIII ). Where adjusted estimates were not available, crude estimates were used.
We assumed similarity between OR and RR because CA are rare events (Davies et al., 1998) . Statistical analysis was performed using Stata version 9.2 (StataCorp, College Station, TX). Meta-analysis was performed on all CA combined and for EUROCAT defined subgroups of CA (if n studies ≥3). The DerSimonian and Laird random effects model (DerSimonian and Laird, 1986) was used since the studies in this meta-analysis involved varying countries, time periods and influenza strains. Subgroup analysis was performed based on study type, publication date, risk of differential recall bias and adjustment for confounders in order to assess the impact of these variables on study outcome. Subgroup analyses combined all studies in the relevant categories, using the estimate for all non-chromosomal CA combined where available and if not available, the estimate for the specific CA subgroup studied.
Owing to scarce numbers and imbalance between some study arms, we used an alternative continuity correction based on the OR of other studies with .0 events in both arms and group ratio imbalance as discussed by Sweeting et al. (2004) . Heterogeneity between studies was assessed using the I 2 statistic. Values of I 2 equal to 25, 50 and 75% were considered to represent low, moderate and high levels of heterogeneity, respectively. The hypothesis of publication bias was assessed using funnel plots (data not shown).
Results
Selection flow
The PubMedw database search yielded 1369 papers and the Embasew database search yielded 2649 papers (Fig. 1) . After removing 1121 duplicates, a total of 2897 potentially relevant papers were identified by the literature search. After screening by MeSH terms, titles and abstracts, 2615 papers were excluded and full papers were retrieved for the remaining 282 papers. Of these, a total of 40 papers covering 27 studies met the inclusion criteria and were included in the systematic review. Six additional eligible papers were detected by reference tracking, leading to a grand total of 46 included papers covering 33 studies.
Study characteristics
The 46 enrolled papers were classified as 25 papers covering 15 casecontrol studies, 12 papers covering 10 cohort studies and 9 papers covering 8 ecological studies. Enrolled studies are summarized by study type in Supplementary data, Tables SI -SIII and evidence provided by enrolled studies that was not included in the meta-analysis is summarized in Table I . For one case -control study information was limited to a conference abstract (Choi and Klaponski, 1970) . Included papers were published between 1953 and 2013, with the median year of publication 1971.
Risk of bias assessment
Visual inspection of the funnel plots did not suggest evidence for publication bias (data not shown). Of the 15 case-control studies (25 papers), 10 studies did not take into account possible confounding by maternal age, socioeconomic class or both. In the majority of these 10 studies some form of matching between cases and controls (usually maternal ward, sex and day of birth) took place. Ten papers relied on retrospective maternal reported influenza episodes (or timing of maternal interviews was unknown), making these studies susceptible to differential recall bias. Of the remaining five studies, two used serologic confirmation and three used prospectively collected antenatal records. The last notable source of possible bias was that in five case -control studies over 20% of the cases intended for inclusion were not enrolled, making these studies susceptible to non-response bias (Supplementary data, Material). For the 10 cohort studies (12 papers), none took into account possible confounding by maternal age, socioeconomic class or both. For nine cohort studies, infants were not followed up for at least a year (or unclear), making these studies susceptible to misclassification bias for some CA not apparent at birth. Six of the studies used prospectively collected maternal reports for exposure, three serologic confirmations, for one study exposure ascertainment was not described. The last notable source of possible bias was that in five cohort studies the exposed cohort was not drawn from a clearly defined place and time, or failed to enrol ≥80% of the population identified in specified place and time, raising questions over representativeness of the enrolled exposed cohort.
Quantitative data summary and synthesis Meta-analysis was possible for data from 22 studies, forming groups of ≥3 independent studies for 24 (sub)groups of EUROCAT defined major CA: any non-chromosomal major CA, neural tube defects, anencephaly, encephalocele, spina bifida, hydrocephaly, congenital heart defects, orofacial clefts (Figs 2-9) and 16 other CA subgroups (Table II) .
Overall, our meta-analysis involved 29 542 CA cases of which 1112 were exposed to influenza in the first trimester of pregnancy and 53 089 controls of which 1382 were exposed to influenza in the first trimester of pregnancy from case -control studies. From cohort studies, 1608 exposed pregnancies resulting in 56 CA plus 14 613 non-exposed pregnancies resulting in 347 CA were enrolled. The enrolled cohort studies were relatively small with only the Coffey and Jessop study Jessop, 1959, 1963) reaching over 50 CA (including minor anomalies) following maternal influenza exposure. Case -control studies more readily enrol the large number required for research on CA and 6 out of 15 case -control studies enrolled over 500 cases (Laurence et al., 1968; Saxen, 1975a; Granroth et al., 1978; Botto et al., 2001; Czeizel et al., 2008; Oster et al., 2011) . The larger numbers come at a cost and 11 out of 15 case -control studies gathered exposure data by retrospective maternal reports. 
Table I
Evidence included in the systematic review relating to first trimester influenza exposure and CA not included in meta-analysis.
Anomaly
Evidence reported with respect to first trimester influenza exposure
Any anomaly
Visual inspection: no convincing evidence that infant death rates from CA are associated with first trimester influenza exposure (Buck, 1955) ; RR 1.10 (Leck, 1963) ; single defect RR 1.00, multiple defects RR 0.9 (Leck, 1964) ; single defect RR 1.03, multiple defects RR 1.07 (Leck et al., 1969) Central Nervous System defects 0.81% in influenza exposed group versus 0.30% and 0.32% in control groups (Hakosalo and Saxen, 1971) Neural Tube Defects P ¼ 0.03, no data (Choi and Klaponski, 1970) Anencephaly RR 0.82 (Leck, 1963) ; standarized rate ratio (sRR) 1.32 (Leck et al., 1969) ; RR 1.0, 0.8 -1.3 (Saxen et al., 1990) .
No rise in anencephaly rates following influenza epidemics detected (Record, 1961) Spina bifida + encephalocele RR 0.99 (Leck, 1963) , sRR 1.13 (Leck et al., 1969) Hydrocephaly sRR 0.93 (Leck et al., 1969) Microcephaly OR 1.1, 0.3-4.1 (Czeizel et al., 2008) ; sRR 0.24 (Leck et al., 1969) Anophthalmos/microphthalmos OR 1.26, 1.02-1.57 (Busby et al., 2005) Congenital cataract OR 0.8, 0.3-2.2 (Czeizel et al., 2008) Congenital glaucoma OR 2.0, 0.4-10.9 (Czeizel et al., 2008) Congenital heart defects (suggestive but not significant; 0.93% in influenza exposed group versus 0.47% and 0.73% in control groups) (Hakosalo and Saxen, 1971 Cleft lip RR 1.55, P , 0.05 (Leck, 1963) ; isolated RR 1.4, with other defects RR 6.3 (Leck, 1964) ; cleft lip without cleft palate sRR 1.47, P , 0.05 (Leck et al., 1969) ; cleft lip without cleft palate RR 1.64, P , 0.05 (Leck, 1971) ; cleft lip without cleft palate sRR 1.08, cleft lip with cleft palate sRR 1.01 (Leck et al., 1969) ; cleft lip with cleft palate sRR 1.10 ( Leck et al., 1969) , cleft lip with cleft palate RR 1.35 (Leck, 1971) Cleft palate RR 0.81 (Leck, 1963) ; sRR 0.94 (Leck et al., 1969) ; sRR 0.93 (Leck et al., 1969) Digestive system 1 in 63 exposed during first trimester of pregnancy and 4 in 1106 non-exposed, RR 4.4 Jessop, 1959, 1963) ; 1 in 171 exposed during first trimester of pregnancy and 13 in 6720 non-exposed, RR 3.0 (Hirvensalo and Kinnunen, 1962) Oesophageal atresia with/without tracheo-oesophageal fistula OR 1.6, 0.2 -11.7 (Czeizel et al., 2008) ; RR 2.41, P , 0.01 (Leck, 1963) ; isolated RR 1.5, with other defects RR 4.8 (Leck, 1964) ; sRR 1.12 (Leck et al., 1969) Atresia/stenosis of the small intestine OR 2.1, 0.5-8.0 (Czeizel et al., 2008) Anorectal atresia and stenosis OR 1.1, 0.4 -3.0 (Czeizel et al., 2008) ; RR 2.12, P , 0.05 (Leck, 1963) ; isolated RR 0.8, with other defects RR 3.6 (Leck, 1964) ; sRR 0.80 (Leck et al., 1969) Hirschsprung's disease OR 0.7, 0.2-3.0 (Czeizel et al., 2008) Diaphragmatic Hernia OR 3.2, 1.2-8.8 (Czeizel et al., 2008) ; 0 in 171 exposed during first trimester of pregnancy and 3 in 6720 non-exposed (Hirvensalo and Kinnunen, 1962) ; RR 1.05 (Leck, 1963) ; sRR 1.01 (Leck et al., 1969) Abdominal Wall Defects OR 2.8, 1.1-6.9 (Czeizel et al., 2008) Omphalocele RR 1.92, ,0.05 (Leck, 1963) ; isolated RR 1.3, with other defects RR 2.3 (Leck, 1964) ; sRR 1.16 (Leck et al., 1969) Urinary 1 in 171 exposed during first trimester of pregnancy and 42 in 6720 non-exposed (Hirvensalo and Kinnunen, 1962) Bilateral renal agenesis including Potter syndrome OR 0.8, 0.2-2.8 (Czeizel et al., 2008) ; RR 1.38 (Leck, 1963) Congenital hydronephrosis RR 1.63, P ¼ 0.05 (Leck, 1963) Hypospadias RR 1.51 (Leck, 1963) ; sRR 0.93 (Leck et al., 1969) Limb sRR 0.75 (Leck et al., 1969) Limb reduction Limited to thumbs or radii RR 2.20 (Leck, 1963) ; both arms or legs RR 1.30 (Leck, 1963) ; one arm or leg RR 1.37 (Leck, 1963) ; sRR 1.32 (Leck et al., 1969) ; RR 1.22 (Leck, 1971) Continued Meta-analysis discovered statistically significant associations between first trimester influenza exposure and a large number of CA subgroups (Table II) including all non-chromosomal CA combined (OR 2.00, 95% CI: 1.62 -2.48). Medium heterogeneity was detected for the pooled estimate of all non-chromosomal CA (64%). Subgroup analysis showed lower ORs for pooled case-control study outcomes (OR 1.84, 95% CI: 1.49-2.27), than for pooled cohort study outcomes (OR 2.12, 95% CI: 1.20 -3.75) while pre-1970 studies reported higher ORs (2.47, 95% CI: 1.50 -4.70) than studies published after 1970 (OR 1.71, 95% CI: 1.41 -2.08). Overall, studies susceptible to differential recall bias reported a lower risk (OR 1.92, 95% CI: 1.35 -2.72) than studies not susceptible to differential recall bias (OR 2.12, 95% CI: 1.54 -2.92). No differences were detected between pooled adjusted and pooled crude estimates (2.15, 1.05-4.42 versus 2.22, 1.78 -2.77).
Central nervous system defects
Associations were found for all neural tube defects (OR 3.33, 2.05 -5.40) and the neural tube defect subgroups anencephaly (OR 3.52, 1.69 -7.32) and spina bifida (OR 2.20, (Leck et al., 1969) Lower limb reductions sRR 1.23 (Leck et al., 1969) Club foot sRR 0.89 (Leck et al., 1969) Hip dislocation and/or dysplasia sRR 0.77 (Leck et al., 1969) Disorders of skin 0 in 171 exposed during first trimester of pregnancy and 3 in 6720 non-exposed (Hirvensalo and Kinnunen 1962) Down's syndrome sRR 1.16 (Leck et al., 1969) Solely data involving .2 CA cases was included and some reported CA could not be translated to EUROCAT defined subgroups. We did not distinguish between 'positive' and 'negative' findings since some of the studies were severely underpowered. Note for some CA, ≥3 estimates were available from studies that could not be included in the meta-analysis. Figure 2 Forest plot of non-chromosomal CA following first trimester influenza exposure. ES, effect size.
Influenza and congenital anomalies 1.37 -11.27) and Lynberg (331, AOR 1.70, 1.10 -2.50). The lower OR reported by Lynberg is related to our preference for malformed controls over healthy controls for the study by Lynberg, which lead to more conservative estimates. The study by Lynberg reports higher AOR when using healthy controls for neural tube defects (AOR 3.0, 1.9-4.7). We discovered significant heterogeneity in the aggregate groups and neural tube defects, anencephaly, encephalocele and hydrocephaly (Table II) . The heterogeneity for neural tube defects, anencephaly, encephalocele and hydrocephaly seems to be driven by the Coffey Jessop, 1959, 1963) , Hirvensalo (Hirvensalo and Kinnunen, 1962) , Pleydell (Pleydell, 1960) , Saxen et al. (1960) of .10 in at least one CA subgroup. The ecological study on 1957 pandemic influenza by Hakosalo, enrolling 27 neural tube defects reported suggestive evidence for a relationship between influenza and neural tube defects, but two larger ecological studies by Leck [n ¼ 2484 (Leck et al., 1969 and n ¼ 162 (Leck, 1963) ] did not find such evidence for any neural tube defects subgroup. The study by Hakosalo calculated cases 
Orofacial clefts
Our meta-analysis found an association between orofacial clefts and first trimester influenza exposure (OR 1.96, 95% CI: 1.33 -2.91). There was a significant association for cleft lip with or without palate (OR 3.12, 2.20 -4.42), but not for cleft palate (OR 1.05, 0.60 -1.84) and no heterogeneity was detected in these pooled groups (Table I ). The majority of the orofacial clefts (n ¼ 2773) were reported by Czeizel (Czeizel et al., 2008; n ¼ 1956) and Saxen (Saxen, 1975a; n ¼ 591 and 1975b, n ¼ 194) and these studies report ORs between 1.90 and 2.32. Four of the ecological studies, all by Leck, also reported the association between orofacial clefts and influenza and two of these four studies reported associations for cleft lip + cleft palate, but not for isolated cleft palate (Leck, 1963; Leck et al., 1969) .
Congenital heart defects
Our meta-analysis found an association between congenital heart defects and first trimester influenza exposure (OR 1.56, 95% CI: 1.13 -2.14). The vast majority of the congenital heart defects reported in the meta-analysis were reported by Botto (n ¼ 829, AOR 2.1, 0.8 -5.5), Czeizel (n ¼ 4479, OR 1.6, 1.3 -1.9) and Oster (n ¼ 2361, AOR 1.11, 0.91 -1.35) (Botto et al., 2001; Czeizel et al., 2008; Oster et al., 2011) . It should be noted the study by Botto suffered from a 2-12 year delay between delivery and maternal interview while influenza exposure in the study by Oster could occur from 3 months before pregnancy to the third month of pregnancy. With respect to specific types of congenital heart defects (Table II) , meta-analysis showed aortic valve atresia/stenosis and ventricular septal defect to be associated with first trimester influenza exposure (OR 2.59, 1.21-5.54 and OR 1.59, 1.24-2.04, respectively). No associations were found for atrial septal defect, hypoplastic left heart and transposition of the great vessels. Four congenital heart defect subtypes were only reported by ≤2 studies and therefore not in the meta-analysis (Table I ). Of these, two studies showed a consistent absence of association for tetralogy of Fallot, and a consistent and high association for tricuspid atresia and stenosis (Botto et al., 2001 , OR 7.9; Oster et al., 2011, AOR 6.04).
Other anomalies
Limb reductions were associated with first trimester influenza exposure by the meta-analysis (OR 2.03, 1.27 -3.27) and this association is supported by several ecological studies (Table I ). An association with anophthalmia/microphthalmia is based on a single study (Table I ). There was evidence that there is no association with influenza for hypospadias (OR 1.02, 0.75 -1.39) and club foot (OR 1.03, 0.83-1.27).
Discussion
This systematic review provides an overview of the published evidence on influenza exposure during the first trimester of pregnancy and CA. Meta-analysis revealed evidence for increases in a wide range of major CA following first trimester influenza exposure. The 2-fold increase in risk of non-chromosomal CA represents an increase in prevalence from 1.8% (EUROCAT Central Registry, 2013) to 3.6% of births among first trimester influenza exposed pregnancies.
Exposure ascertainment
Case -control and cohort studies utilized serologic confirmation and maternal reports (prospective and retrospective) for influenza exposure ascertainment. During the influenza season the positive predictive value of the presentation of an influenza-like illness for influenza is in the order of 66 -77% (Monto et al., 2000; Zambon et al., 2001) . Serologic confirmation detects clinical and subclinical infections, which might lead to different results since subclinical infections might affect the pregnant women Figure 9 Forest plot of orofacial clefts following first trimester influenza exposure. ES, effect size.
Influenza and congenital anomalies differently from clinical infections. Arguably, serologic confirmation of exposure is more reliable than maternal reports. Five studies based on serologic confirmation were enrolled in the systematic review (Walker and McKee, 1959; Wilson et al., 1959; Hardy et al., 1961; Elizan et al., 1969; Wilson and Stein, 1969; Warrell et al., 1981) of which three were included in the meta-analysis (Wilson et al., 1959; Hardy et al., 1961; Wilson and Stein, 1969; Warrell et al., 1981) . The two serologic studies limited to systematic review did not detect an association between influenza and neural tube defects (Elizan et al., 1969) and did not detect an increased prevalence of CA among 1957 H2N2 Asian pandemic influenza exposed pregnancies (Walker and McKee, 1959) . The three serologic studies in the meta-analysis combined contributed 53 out of 27 584 CA, and it was therefore not possible to examine the effect of exposure ascertainment method on effect size. One of these studies reported a possible association between CA and 1957 H2N2 Asian pandemic influenza (Hardy et al., 1961) while a second study did not (Wilson et al., 1959; Wilson and Stein, 1969) . The third study did not detect an association between CA and neural tube defects (Warrell et al., 1981) . Note that all studies using serologic confirmation were limited to low numbers. Three studies (Lynberg et al., 1994; Botto et al., 2001; Li et al., 2007) were able to provide estimates both for adjusted and crude OR. Note that a single study contributed over 90% of the total weight to this pooled estimate. Note that for some studies such as Czeizel et al. (2008) , the 'any congenital anomaly' group also included CA which were not included in any other analysis. Note that 591 orofacial clefts from the Saxen (1975a) study and 194 orofacial clefts from the Saxen (1975b) study were not specified and therefore solely included in the overall orofacial clefts analysis.
It is apparent that maternal reports lead to misclassification of exposure as women might not recall infection, timing of infection relative to pregnancy or misdiagnose another infection for influenza. However, as long as maternal reports are collected prospective to the mother being aware of the malformation (e.g. from medical records or interviews during pregnancy), there is no reason to believe misclassification of influenza exposure will differ between cases and controls. Therefore, prospective maternal reports will not lead to a spurious association, but rather bias the estimate towards the null as cases and controls are subject to similar misclassification. Retrospective maternal reports (e.g. interviews after birth), which are frequently utilized by case-control studies, are susceptible to recall bias where mothers of cases have a different motivation to recall early pregnancy exposure than mothers of noncases. Mothers may differ not only in their tendency to remember the infection, but in their tendency to misinterpret an illness as influenza (MacKenzie and Houghton, 1974) . Some of the studies included in the systematic review give an estimate of the differential recall bias' effect. For example, in the study by Lynberg, the OR for anencephaly after flu with fever decreased from 3.1 (95% CI: 1.6-6.1) when compared with nonmalformed controls to 1.4 (95% CI: 0.7-2.6) when compared with malformed controls (Lynberg et al., 1994) . Part of this decrease might also have been related to CA in the control group being related to influenza, thus biasing the OR towards 1. In our meta-analysis, the pooled estimate of OR for studies susceptible to recall bias (1.92) was slightly lower than the pooled estimate for other studies (2.00), contrary to expectation. This is related to the low overall OR (1.11) reported by the large BaltimoreWashington Infant Study (Oster et al., 2011) , which was susceptible to differential recall bias and contributed over 20% to the pooled estimate of susceptible studies.
Case-control, cohort and ecological study designs
Cohort studies failed to enrol large numbers of CA and this should not be surprising considering CA only make up for 2-3% of births in a general population and short follow-up time after birth could have led to underascertainment. Investigation of specific CA requires even higher numbers. Owing to the possibility of enrolling larger numbers, casecontrol studies seem better suited for addressing the hypothesis of teratogenicity of influenza, although this comes at a cost as most casecontrol studies ascertained exposure by retrospective maternal reports.
Ecological studies are generally considered a weaker study design than case -control or cohort studies (Evans, 2003) due to lack of individual exposure information. It cannot be verified that any excess CA occurred among infected individuals. Correlation between influenza and confounding risk factors at group level may lead to ecological fallacy, for example if influenza and nutritional deficiencies co-occur in winter. Ecological studies base exposure status on timing of pregnancy relative to influenza season (or a proxy thereof) and therefore, the cohort defined as 'exposed' is diluted by pregnancies that did not have influenza. Population influenza exposure in the eight enrolled ecological studies were derived from influenza incidences, counts or deaths (n ¼ 5) and sickness absenteeism rates or claims (n ¼ 3). For this reason, the distinguishing power of ecological studies is highly dependent on influenza attack rates and precision used to define influenza exposure.
The advantages of ecological studies are that large numbers of patients are enrolled easily and ecological studies are not susceptible to the exposure misclassification or recall bias inherent in individual level studies. Furthermore, they can be free of individual level confounding, e.g. if those most susceptible to influenza in the population have other risk factors for CA. Ecological studies therefore offer great value for addressing the hypothesis of teratogenicity of infectious diseases and should not be discounted at the bottom of the evidence hierarchy in this area of research. Consistency between study designs lends strength to a causal interpretation (Hofler, 2005) .
Associations between first trimester influenza exposure and CA One of the most striking results of the meta-analysis is the association between first trimester influenza exposure and neural tube defects. Neural tube defects are easily recognized at birth eliminating susceptibility to underascertainment, while a previous meta-analysis reported an association between neural tube defects and hyperthermia (OR 1.92, 95% CI: 1.62 -2.29; Moretti et al., 2005) . There also is evidence for neural tube defects following hyperthermia exposure in guinea pigs (Smith et al., 1992) . In more recent human studies, underascertainment of neural tube defects could have been a problem due to terminations of pregnancy for fetal anomaly. According to a 2004 EUROCAT analysis, 88% of neural tube defects are detected prenatally of which 88% are aborted (Boyd et al., 2008) . Neural tube defects were more frequently studied than other CA, possibly a result of interest in the 1950s study by Coffey, suggesting an alarmingly strong link between maternal influenza exposure and neural tube defects (data corresponds to OR 10. 58, 4.30 -26.02 in the 1963 follow-up; Coffey and Jessop, 1963) . This study utilized standardized questionnaires for maternal interview after delivery and therefore was susceptible to differential recall bias, but this limitation would not explain such a high OR. One of the ecological studies found an increase in neural tube defects during the 1957 Asian influenza outbreak in Finland and concluded this might have been caused by either influenza or influenza-related pharmaceuticals (Hakosalo and Saxen, 1971) . The study by Li et al. (2007) had data available both on antiviral and antipyretic use (and other potential confounders, see Supplementary data, Table SII) and after adjusting for these co-exposures, OR for neural tube defects following maternal influenza exposure dropped slightly but remained statistically significant (OR 3.93, .
Hydrocephaly can sometimes be caused by spina bifida, and we could derive estimates for hydrocephaly not associated with neural tube defects for two of the five studies on hydrocephaly Jessop, 1959, 1963; Hirvensalo and Kinnunen, 1962) .
A general problem in CA research is that one baby may have more than one anomaly, and some of these multiple malformed babies may have 'sequences ' (EUROCAT Central Registry, 2009 ) that follow from a primary anomaly. The data available for review cannot distinguish different types of diagnoses.
The evidence for an association between first trimester influenza exposure and cleft lip with or without palate is strong due to the lack of heterogeneity in the pooled data and consistent positive associations detected across different study designs. It is well known that cleft lip + palate differs aetiologically from cleft palate, so this difference is not surprising (Mossey et al., 2009) . The associations detected for congenital heart defects and ventricular septal defects are somewhat contradicted by the results from the BWIS (Oster et al., 2011) . On the other hand congenital heart defects have been associated with hyperthermia in rats New, 1975, 1978) . Club foot has been associated with hyperthermia in guinea pigs (Edwards, 1971a,b) , but our meta-analysis did not find evidence for an association between club foot and influenza. A large number of additional associations for other CA types were detected but with more limited underlying evidence.
Pathways for mediation of hypothetical teratogenic effect of influenza
Influenza can mediate a possible teratogenic effect via multiple pathways and there is a risk of confounding due to the intimate linkage between a disease and its cure. As well as antivirals, antipyretics are also often used during influenza infection and the case-control study by Li et al. (2007) reported an AOR for antipyretic drugs and neural tube defects of 4.86 (95% CI: 1.33 -17.78). Associations not adjusted for antivirals or antipyretics remain of importance since from a vaccination policy perspective, it is less relevant whether the influenza virus or the antivirals are causing any possible anomalies as vaccination will prevent both exposures. We recognize this puts limits on generalizability of study findings between populations with different use of antipyretics/antivirals.
Direct pathways via which influenza infection can possibly lead to CA are toxic metabolites caused by fever, hyperthermia and the influenza virus crossing the placenta. Hyperthermia has been associated with causing neural tube defects as discussed above (Moretti et al., 2005) . It should be noted this meta-analysis involved a large number of possible causes of hyperthermia, while influenza causes high fever that might be different from general hyperthermia. This could explain the higher OR reported in this meta-analysis for influenza exposure and neural tube defects (Table II) . Several of the included studies distinguished between first trimester influenza and first trimester fever (Saxen, 1975a,b; Klemetti, 1977; Aro, 1983; Lynberg et al., 1994; Botto et al., 2001; Oster et al., 2011) . One study found an association for influenza, but not for fever (Klemetti, 1977) , another found an association for influenza with fever and neural tube defects (OR 1.7, 1.1-2.5), which was lowered for influenza without fever (OR 1.3, 0.7-2.5; Lynberg et al., 1994) . A study on congenital heart defects reported associations for fever (OR 1.8, 1.4-2.4) and influenza (OR 2.1, 0.8 -5.5) (Botto et al., 2001) , while a second study on congenital heart defects reported very similar low and non-significant excesses for fever (OR 1.14, 0.89 -1.46) and influenza (OR 1.11, 0.91 -1.35; Oster et al., 2011) . The two studies by Saxen (1975a,b) on orofacial clefts reported comparable associations for influenza (RR 2.00 for the first study) and fever (RR 1.96 for the first study), and the study by Aro on limb reduction defects reported an OR of 1.6 for fever and 1.9 for influenza (Aro, 1983) . It can be concluded that included studies generally reported equivalent or stronger associations for influenza than for fever with respect to CA following first trimester exposure.
Another possible pathway by which the influenza virus can mediate a teratogenic effect is placental transmission. Placental transmission has been documented, but appears to be rare (McGregor et al., 1984; Gu et al., 2007) . Toxic metabolites associated with fever as a cause of CA have also been suggested (Edwards, 2006) .
Limitations of the study
The systematic review results should be interpreted in the light of the findings that all of the included studies are observational studies, many were susceptible to several types of bias and ascertainment of exposure might not have been reliable. Although the funnel plots did not provide evidence for publication bias, it should be noted that most of the included studies reported a wide range of positive associations raising the question of whether studies reporting negative results remained unpublished. Reference tracking identified six new studies and these studies were missed because they were not indexed as influenza studies. This leaves the possibility open that some, particularly negative, studies were missed due to poorly indexed terms. A possible reason for this is that some casecontrol studies investigate a wide range of possible causes of CA and may tend to be selectively indexed for the positive associations. For older studies, we could not be sure whether chromosomal CA were excluded from analysis.
A weakness of the meta-analysis was that adjustment for confounders was not performed in most included studies. Adjustment for confounders showed a moderate effect on OR within studies that did report both crude OR and adjusted OR Acs et al., 2005; Li et al., 2007) . Subgroup analysis comparing adjusted versus crude estimates did not detect differences, but this could be related to the fact that 50% of the adjusted estimate was composed of neural tube defects data since studies generally reported higher estimates for neural tube defects than for other CA. Owing to the limited number of studies reporting adjusted OR, comparison of crude and adjusted OR for subgroups of the same CA was not possible. Some very large datasets involved matched and/or stratified controls (Botto et al., 2001; Czeizel et al., 2008) , and most other datasets were matched by one or more variables (Laurence et al., 1968; Karkinen-Jaaskelainen and Saxen, 1974; Saxen, 1975a,b; Granroth, 1978; Granroth et al., 1978; Warrell et al., 1981; Aro, 1983; Lynberg et al., 1994; Li et al., 2007) lowering the impact of confounding on the meta-analysis.
Statistical limitations
The study was susceptible to statistical limitations unique to meta-analysis of scarce events. In the context of scarce events like CA and complicated exposure like first trimester influenza, cohort studies can enrol large numbers of exposed and unexposed, but have very few exposed CA outcomes. Current statistical methods will assign these studies a lot of weight compared with case-control studies with many cases and greater numbers of exposed cases. An example from this systematic review is the cohort study by Pleydell, which reported 1 case of hydrocephaly among 12 first trimester influenza exposed pregnancies and 1 case among 1071 unexposed pregnancies leading to an OR of 97.27. The heterogeneity model favours outliers and smaller studies and provided this study with 20% weight in the overall hydrocephaly estimate, compared with 43% weight for the case -control study by Czeizel which enrolled 314 cases of hydrocephaly (16 exposed). The weight allocated by the heterogeneity model to the Pleydell study is clearly disproportionate.
A second problem lies in the continuity correction that is used to address zero events in one of both arms of a study when pooling ORs. For rare events like CA, zero events in one or both arms are not uncommon. The standard value for continuity correction is 0.5, but this arbitrary value causes problems in studies with uneven arms and can even dominate the other arm. We addressed this problem as proposed by Sweeting et al. (2004) by letting the continuity correction depend on the OR of (other) studies with .0 events in both arms and group ratio imbalance. However, this still led to OR .1 for studies reporting 0 events in the exposed arm such as the hydrocephaly data by Hirvensalo and Kinnunen (1962) .
Conclusions and implications for CA prevention
Given the risk of congenital anomaly associated with influenza we show here, prevention of influenza by vaccinating women who are planning to get pregnant may reduce congenital anomaly risk. However, before evidence-based policy can be implemented, further safety data on use of influenza vaccines in pregnancy with respect to CA is required (Kallen and Olausson, 2012; Pasternak et al., 2012) . Other methods for preventing influenza in early pregnancy include improving nutritional and general health status and adopting behaviours that prevent interpersonal spread.
In conclusion, prevention of influenza in pregnant women may reduce congenital anomaly risk, and would be relevant to more than just neural tube defects. More research is needed to determine whether influenza and/or its related medication is teratogenic, to determine the role of hyperthermia in teratogenicity and the role of other environmental factors such as nutritional status in determining susceptibility.
Supplementary data
Supplementary data are available at http://humrep.oxfordjournals.org/.
